Autism is a neurodevelopmental disorder characterized by abnormal reciprocal social interactions, communication deficits, and repetitive behaviors with restricted interests. Autism-relevant phenotypes in the inbred mouse strain BTBR T + tf/J (BTBR) offer translational tools to discover biological mechanisms underlying unusual mouse behaviors analogous to symptoms of autism. Two of the most consistent findings with BTBR are lack of sociability as measured by the three-chamber social approach task and increased amount of time engaged in self-grooming in an empty cage. Here we evaluated BTBR as compared to two typical inbred strains with high sociability and low self-grooming, C57BL/6J (B6) and FVB/AntJ (FVB), on both the automated three-chambered social approach task and repetitive self-grooming assays. Brains from the behaviorally tested mice were analyzed using magnetic resonance imaging and diffusion tensor imaging to investigate potential neuroanatomical abnormalities throughout the brain; specifically, to discover neuroanatomical mechanisms which could explain the autism-relevant behavioral abnormalities. Significant differences in volume and white matter microstructure were detected in multiple anatomical regions throughout the brain of BTBR compared to B6 and FVB. Further, significant correlations were found between behavioral measures and areas of the brain known to be associated with those behaviors. For example, striatal volume was strongly correlated to time spent in self-grooming across strains. Our findings suggest that neuropathology exists in BTBR beyond the previously reported white matter abnormalities in the corpus callosum and hippocampal commissure and that these brain differences may be related to the behavioral abnormalities seen in BTBR.
Introduction
Autism is a neurodevelopmental disorder for which diagnosis is based on three domains of behavioral symptoms: 1) abnormal reciprocal social interactions, 2) deficits in communication, and 3) repetitive behaviors with restrictive interests (APA, 2001) . The BTBR T + tf/J (BTBR) inbred mouse strain exhibits behavioral phenotypes analogous to all three diagnostic symptoms of autism including deficits on tests of sociability and reciprocal social interactions, reduced ultrasonic vocalizations and scent marking in the presence of social cues, and high levels of repetitive self-grooming (Bolivar et al., 2007; Chadman, 2011; Defensor et al., 2011; McFarlane et al., 2008; Moy et al., 2007; Pearson et al., 2011; Pobbe et al., 2010 Pobbe et al., , 2011 Roullet et al., 2011; Scattoni et al., 2008a Scattoni et al., , 2011 Silverman et al., 2010a Silverman et al., , 2010c Silverman et al., , 2012 Wöhr et al., 2011; Yang et al., 2007a Yang et al., , 2007b Yang et al., , 2011b Yang et al., , 2012 . The BTBR strain provides an opportunity to investigate the biological mechanisms underlying behavioral abnormalities relevant to the symptoms of autism.
Prior histological evaluation has shown that pathology exists in the brains of BTBR: a complete agenesis of the corpus callosum and a smaller hippocampal commissure (Wahlsten et al., 2003) . Clinical evidence suggests that pathology exists in the brains of individuals with autism, and one of the most consistent findings in clinical studies is a reduction or thinning of the corpus callosum (Casanova et al., 2011; Frazier and Hardan, 2009; Frazier et al., 2012; Keller et al., 2007; Paul et al., 2007; Radua et al., 2010; Stanfield et al., 2008) . Structural imaging studies have also found volumetric differences in regions of the frontal lobe, amygdala and caudate nucleus (Amaral et al., 2008; Stigler et al., 2011) . Pathology in these areas may be particularly relevant to the behavioral symptoms of autism. Given the known white matter deficits in BTBR and the potential relevance of additional neuropathology to previous clinical findings in autism, we pursued a comprehensive evaluation of the BTBR brains to discover the full extent of neuroanatomical abnormalities.
Magnetic resonance imaging has been used for examining both volume changes and white matter structural integrity in the human (Verhoeven et al., 2010; Beacher et al., 2012) and animal brain Kumar et al., 2012) . In human autism research, volumetric findings are quite heterogeneous with confounds, such as age, IQ, environment and genetics, which leads to multiple regions in the brain being identified or discounted in autism (Stanfield et al., 2008) . Robust anatomical phenotyping, which can be performed in the mouse, permits one to control both the environmental and genetic uniformity within groups. Anatomical phenotyping with MRI has been valuable in detecting subtle changes in the mouse brain (Johnson et al., 2002; Nieman et al., 2006) . These measurements can detect left/ right asymmetries (Spring et al., 2010) , and differences in the male and female brain (Spring et al., 2007) . Further, specific changes in the mouse brain have been detected after 5 days of training on the Morris water maze (Lerch et al., 2011b) , as well as in disease specific models of Huntington's ), Alzheimer's disease (Lau et al., 2008) , dopaminergic dysfunction (Cyr et al., 2005) , and prenatal alcohol exposure (O' Leary-Moore et al., 2010) . Recently, volume changes have been examined in several mouse models related to autism (Ellegood et al., 2010 Horev et al., 2011) .
Diffusion Tensor Imaging (DTI) has become a staple in the investigation of the neuropathology associated with autism, especially due to the abnormal connectivity theory proposed as a potential mechanism underlying the behavioral symptoms of autism (Belmonte et al., 2004) . DTI studies have shown increased diffusivity in the white matter of socio-emotional circuits in individuals with autism (Ameis et al., 2011) . In the mouse, DTI has examined the developing mouse brain (Mori et al., 2001; Zhang et al., 2002) and genetic mouse models (Ren et al., 2007; Wang et al., 2006) . Recently, DTI has been used to examine connectivity in different mouse models of autism (Ellegood et al., 2010 Kumar et al., 2012) . The DTI related changes found in two of these three studies were minimal or non-existent (Ellegood et al., 2010) . The Kumar study, however, reported several changes in both Fractional Anisotropy (FA) and Mean Diffusivity in the BALB/cJ mouse compared to the C57BL6/J in the limited number of regions examined.
Here we aimed to explore volumetric differences in BTBR as compared to two typical inbred strains with high sociability and low incidence of repetitive behaviors, C57BL/6J (B6) and FVB/AntJ (FVB), using magnetic resonance imaging. FVB/AntJ is the FVB strain with normal vision, derived from the conventional FVB/NJ to eliminate the retinal degeneration gene (Errijgers et al., 2007) . Further, we investigated whether volumetric differences related to specific behavioral abnormalities in individual mice tested on standardized behavioral assays relevant to the symptoms of autism. Finally, we assessed white matter microstructure using DTI, to determine if white matter abnormalities exist beyond the reported deficits in corpus callosum and hippocampal commissure volumes.
Methods

Mice
Inbred strains C57BL/6J(B6), BTBR T + tf/J (BTBR), and FVB/AntJ (FVB) were purchased from The Jackson Laboratory (Bar Harbor, ME) and bred in a conventional vivarium at the National Institute of Mental Health (NIMH). Pups were weaned at 21 days of age, and group housed by sex in cages of 2-4 littermates per cage. Specially formulated NIH rodent chow (Quality Lab Products, Elkridge MD) and tap water were available ad libitum. In addition to Betachip bedding (Quality Lab Products Elkridge, MD), a Nestlet square (Amcare Inc., Bellmore NY) and a cardboard tube (Jonesville Paper tube company, Jonesville NY) were provided in each cage. The colony room was maintained at approximately 20°C and 55% humidity and with a 12:12 light/dark cycle with lights on at 7:00 AM. All housing and procedures were conducted in strict compliance with the National Institute of Health Guidelines for Care and Use of Laboratory Animals and were approved by the National Institute of Mental Health Animal Care and Use Committees. Twelve adult males from each strain were used in our experiments.
Behavioral assays
Behavioral assays were conducted in dedicated behavioral testing rooms during the standard light phase, usually between 1000 h and 1500 h. The social approach task was run on postnatal day 75 (P75) for all experimental subjects and the self-grooming assay was run on P76 for all subjects.
Automated three-chambered social approach task
Social approach was assayed in our automated three-chambered apparatus (NIMH Research Services Branch, Bethesda, MD; Fig. 1A ) using methods previously described (Chadman et al., 2008; Crawley, 2007; McFarlane et al., 2008; Moy et al., 2008; Silverman et al., 2010a Silverman et al., , 2010b Silverman et al., , 2011 Yang et al., , 2011a Yang et al., , 2011b . Briefly, the apparatus was a rectangular, three-chambered box made of clear polycarbonate. Retractable doorways built into the two dividing walls controlled access to the side chambers. Number of entries and time spent in each chamber were automatically detected by photocells embedded in the doorways and tallied by the software. The test session began with a 10 min habituation session in the center chamber only, followed by a 10 min habituation to all three empty chambers. The subject was then briefly confined to the center chamber while the clean novel object (an inverted stainless steel wire pencil cup, Galaxy, Kitchen Plus, http://www.kitchen-plus.com) was placed in one of the side chambers. A novel mouse, 129S1/SvImJ (purchased from The Jackson Laboratory, Bar Harbor, ME), between 8 and 16 weeks of age, previously habituated to the enclosure, and the same sex as the target mouse, was placed in an identical wire cup located in the other side chamber. After both stimuli were positioned, the two side doors were simultaneously lifted and the subject was allowed access to all three chambers for 10 min. Time spent in each chamber and entries into each chamber were automatically tallied. Time spent sniffing the novel object and time spent sniffing the novel mouse during the 10 min test session was later scored by a trained observer from videos recorded during the test session. The apparatus was cleaned with 70% ethanol and water between subjects. Up to four subject mice were tested in the same room at the same time, using a high-throughput multi-unit arrangement of the 4 test chambers.
Repetitive self-grooming
Mice were scored for spontaneous grooming behaviors as described previously (McFarlane et al., 2008; Yang et al., 2007b) . Briefly, each mouse was given a 10 min habituation period in a clean, empty mouse cage (Fig. 1B) and then video recorded for an additional 10 min. Videos were subsequently scored for cumulative time spent grooming all body regions by trained observers. Differences in color and markings between the inbred strains prevented fully blind ratings, however the distinguishing features of the strain were less prominent in the video recordings, which is why this method was chosen over live scoring.
Statistical analysis
For the automated social approach task, time spent in the two side chambers was compared using within-group Repeated Measures ANOVAs, with chamber side (novel mouse side vs. novel object side) as the within-group factor. Time spent in the center chamber was included for illustrative purposes, but was not included in the statistical analyses. Time spent sniffing was similarly analyzed using within-group Repeated Measures ANOVAs, with novel mouse vs. novel object as the within group factor. A one-way ANOVA was used to compare the total number of entries into the side chambers in the social approach task across strains. Time spent self-grooming in an empty cage was similarly analyzed by using a one-way ANOVA to compare the total amount of time spent grooming across strains.
Brain specimen preparation
Mice were sacrificed on postnatal day 77, one day following the completion of the behavioral testing. An imaging perfusion protocol was followed as previously described (Cahill et al., 2012; Lerch et al., 2011a; Spring et al., 2007) . Briefly, mice were anesthetized with a ketamine/xylazine mix then intracardially perfused with 30 mL of 0.1 M PBS containing 10 U/mL heparin (Sigma) and 2 mM ProHance (a Gadolinium contrast agent) followed by 30 mL of 4% paraformaldehyde (PFA) containing 2 mM ProHance. After perfusion, mice were decapitated and the skin, lower jaw, ears and cartilaginous nose tip were removed as previously described. The brain within the skull was incubated in 4% PFA containing 2 mM ProHance overnight at 4 degrees Celsius then transferred to 0.1 M PBS containing 2 mM ProHance and .02% sodium azide for at least 7 days prior to MRI scanning. Perfusions were conducted at the National Institute of Mental Health and brains were shipped to the Mouse Imaging Centre in Toronto, Ontario for imaging.
Image acquisition
Images were acquired on a 7 Tesla MRI scanner (Varian Inc., Palo Alto, CA) with a 40 cm inner bore diameter as previously described (Nieman et al., 2005 (Nieman et al., , 2006 .
Anatomical MRI
An in-house custom built 16-coil solenoid array was used to acquire the anatomical images in parallel, allowing acquisition of the MRI images for 16 samples in one overnight session (Dazai et al., 2004; Lerch et al., 2011a) . Parameters used in the anatomical MRI were optimized for high efficiency and gray/white matter contrast. The sequence was a T2-weighted 3D fast spin echo (FSE), with TR = 2000 ms, echo train length = 6, TE eff =42 ms, field of view (FOV) of 25 mm× 28 mm× 14 mm, and a matrix size of 450 × 504× 250. This yields an isotropic (3D) resolution of 56 μm. In the first phase encode dimension, consecutive k-space lines were assigned to alternating echoes to move discontinuity related ghosting artifacts to the edges of the FOV (Thomas et al., 2004) . This sequence involves oversampling in the In the three-chambered social approach box the subject mouse is allowed to freely explore all three chambers. One side chamber contains a novel object (empty overturned wire cup). The other side chamber contains a novel mouse confined within an overturned wire cup. Weighted plastic cups hold down the wire cups. Sociability is defined as more time spent in the chamber with the novel mouse as compared to the chamber with the novel object or more time spent sniffing the novel mouse as compared to time spent sniffing the novel object (B) In the empty cage observations, trained observers recorded the amount of time the subject mouse spent grooming themselves.
phase encoding direction by a factor of 2 to avoid the interference of these artifacts. This FOV direction was subsequently cropped to 14 mm after reconstruction. Total imaging time was 11.7 h.
Diffusion tensor imaging
For the DTI scanning, an in-house custom built 3-coil solenoid array was used to acquire the DTI images from 3 brains in parallel (Nieman et al., 2007) . The DTI scanning used a 6-cm inner bore diameter insert gradient, which was required for the increased gradient strength needed in the DTI sequence design. The DTI sequence used was a 3D diffusion-weighted FSE, with TR = 350 ms, echo train length = 6, first TE = 30 ms, TE = 6 ms for the remaining 5 echoes, two averages, FOV = 25 mm × 14 mm × 14 mm, and a matrix size of 192 × 108 × 108, which yielded an image with 130 μm isotropic voxels. Five initial b = 0 s/mm 2 images were acquired and 30 high
) in 30 different directions were acquired corresponding to the Jones30 scheme (Jones et al., 1999) . Total imaging time was~14 h. After acquisition the images are analyzed using the FSL software package (FMRIB, Oxford UK), which was used to create Fractional Anisotropy (FA) maps for each of the 36 brains used in this study.
Registration and analysis
To visualize and compare the mouse brains, the images from the volume scans or the averaged b = 0 s/mm 2 images from the diffusion scan were linearly (6 parameter followed by a 12 parameter) and nonlinearly registered together. All scans were then resampled with the appropriate transform and averaged to create a population atlas representing the average anatomy of the study sample. All registrations were performed using a combination of the mni_autoreg tools (Collins et al., 1994) and ANTS (Avants et al., 2010) . The result of the registration was to have all scans deformed into exact alignment with each other in an unbiased fashion. For the volume measurements, this allowed for the analysis of the deformations needed to take each individual mouse's anatomy into this final atlas space, the goal being to model how the deformation fields relate to genotype (Lau et al., 2008; Nieman et al., 2006) . The Jacobian determinants of the deformation fields are then calculated as measures of volume at each voxel. For the diffusion measurements, the registration allows for the analysis of the intensity differences of all measures (FA, MD, AD, or RD) between genotypes. Significant volume changes and intensity differences were then calculated by warping a pre-existing classified MRI atlas onto the population atlas, which allowed for either the volume or diffusion measure (FA, MD, AD, or RD) of 62 segmented structures encompassing cortical lobes, large white matter structures (i.e. corpus callosum), ventricles, cerebellum, brain stem, and olfactory bulbs to be assessed in all brains. Further, these measurements were examined on a voxel-wise basis in order to localize the differences found within regions or across the brain. Multiple comparisons were controlled for by using the False Discovery Rate (FDR) (Genovese et al., 2002) . The pre-existing classified atlas was manually segmented previously on a sample of 40 B6 mouse brains. The population atlas used in this study was composed of all 36 brains, and since 24 of the 36 brains that were scanned had a corpus callosum that crossed the midline (all the FVB and B6 mice), the population atlas had a crossing corpus callosum. The automated registration of the classified atlas, therefore, was re-segmented manually for the BTBR brains such that the BTBR brains were correctly labeled without a crossing corpus callosum. An example image of this re-segmentation can be seen in Supplementary Fig. 1 . Axial and coronal slices of the BTBR population atlas and the FVB/B6 population atlas illustrate the changes made to the classified atlas. In the BTBR mouse the area where the corpus callosum would be, if it crossed, was replaced with two new structures that were defined in our BTBR atlas: Probst bundles, which were composed of anterior/posterior travelling white matter bundles (Ren et al., 2007) , and additional cortical gray matter.
Behavioral correlations
For all mice individually, correlations between behavior and size of specific brains regions were investigated, this was performed on both a voxel-wise basis and then subsequently on the 62 different regions examined. Linear models were performed on every voxel or region within the brain of the 36 mice (relative volume vs. sniff difference + self groom time). This allowed the comparison of the relative volume to either the individual sociability scores, operationally defined for the purposes of the present study as the difference between time spent sniffing the novel mouse and time spent sniffing the novel object in the three-chambered social approach assay, with the grooming measure held constant, or self groom time, with the sociability score kept constant. Significant correlations were corrected for multiple comparisons with the false discovery rate (FDR) (Genovese et al., 2002) .
Results
Behavioral results
Two parameters of sociability were measured in our automated three-chamber social approach task prior to specimen preparation: difference in time spent in the chamber with the novel mouse versus with the novel object and difference in time spent sniffing the novel mouse versus the novel object. B6 and FVB spent significantly more time in the chamber containing the novel mouse as compared to the chamber containing the novel object (B6: F (1,11) = 18.588, p = 0.0012; FVB: F (1,11) = 25.096, p = 0.0005 Fig. 2A ) meeting the standard definition of sociability for this task (Silverman et al., 2010b; Yang et al., 2011b) . BTBR spent equal time in both chambers (BTBR F (1,11) = 1.135, NS; Fig. 2A ), meeting the standard definition of lack of sociability. Similarly, B6 and FVB spent more time sniffing the novel mouse as compared to the novel object (B6: F (1,11) = 72.404, p b 0.0001; FVB: F (1,11) = 32.732, p b 0.0001 Fig. 2B ). BTBR displayed no significant differences in time sniffing the novel mouse as compared to the novel object (BTBR: F (1,11) = 4.574, NS; Fig. 2B ). There were no strain differences in total number of transitions during the sociability phase (F (2,33) = 2.604, NS; Fig. 2C ), nor did any strain appear to have an innate preference for either side chamber during the habituation session (data not shown, B6: F (1,11) = 0.540, NS; FVB: F (1,11) = .121, NS; BTBR: F (1,11) = 0.114, NS; Fig. 2C ). Strain differences in total time engaged in self-grooming (F (1,11) = 10.568, p = 0.0003; Fig. 2D ) confirmed that BTBR spent significantly more time self-grooming as compared to both B6 and FVB (p b 0.05; Fig. 2D ), as previously described (Yang et al., , 2011b .
Volume measurements
Two measurements were calculated to assess the volume in the brain of the BTBR mouse as compared to the two typical strains: absolute volume, measured in mm 3 , and relative volume, measured as a percentage of the total brain volume. Both are equally valid measures of comparison to understand the difference between two or more groups of mice. Since, the total brain volume was significantly reduced in BTBR (BTBR: 446 ± 12 mm 3 , B6: 466 ± 19 mm 3 , FVB: 483 ± 14 mm 3 ), despite BTBR having a larger body size than both the B6 and FVB (BTBR: 33.3 ± 1.8 g, B6: 27.5 ± 1.27 g, FVB: 31.6 ± 1.9 g), we focused our examination on the relative volume. The relative volume differences for all regions are listed in Supplemental Table 1 . Absolute volume differences for all regions are listed in Supplemental Table 2 .
Regional volumes
The 62 regions examined were divided into 6 summary regions (Fig. 3) : cerebral gray matter (CGM -20 regions), cerebral white matter (CWM -14 regions), olfactory regions (OLF -4 regions), cerebellum (5 regions), ventricles (4 regions), and brainstem (15 regions). These regions were selected based on the original B6 atlas paper . Interestingly, the relative volume of the CGM region in the BTBR was only slightly smaller compared to B6 (− 2% FDR b 1%) and not significantly different from FVB (FDR = 27%). The CWM region, on the other hand remained significantly smaller compared to both B6 (−13%, FDR b 1%) and FVB (− 12%, FDR b 1%). The olfactory region was significantly larger in the BTBR brain as compared to B6 (4%, FDR b 1%) and FVB (12%, FDR b 1%). The relative volume of the BTBR cerebellum was larger than relative volume of the B6 cerebellum (13%, FDR b 1%) but smaller than the FVB cerebellum (− 2%, FDR b 1%). The relative volume of the brainstem was increased in BTBR as compared to both B6 (3%, FDR b 1%) and FVB (4%, FDR b 1%). Relative volume of the ventricles was smaller in BTBR as compared to both B6 (− 21%, FDR b 1%) and FVB (− 14%, FDR b 1%).
Cerebral grey matter regions
Of the 41 grey matter regions, twelve were found to be significantly different between BTBR and B6 at an FDR of 1% when relative volumes were compared (Supplementary Table 1 ). Eleven regions that differed all had decreased relative volume in the BTBR as compared to B6. The bed nucleus of the stria terminalis and the hippocampus both had greater relative volume in the BTBR as compared to B6. Fifteen regions differed between BTBR and FVB at an FDR of 1% (Supplementary Table 1 ). Nine regions had significantly smaller relative volume in BTBR as compared to FVB and six regions had significantly greater relative volume in BTBR as compared to FVB. Regions that were significantly different in BTBR as compared to both control strains include bed nucleus of the stria terminalis, frontal lobe, parietal lobe, dentate gyrus of the hippocampus, globus pallidus, nucleus accumbens, pre para subicular, striatum granulosum of the hippocampus and the striatum.
Cerebral white matter regions
Of the 14 white matter regions, ten were found to be significantly different between BTBR and B6 at an FDR of 1% (Supplementary Table 1 ). Of these 10 regions all were significantly smaller in BTBR as compared to B6 except for the anterior commissure pars anterior which had a greater relative volume in the BTBR mouse. Nine regions differed between BTBR and FVB at an FDR of 1% (Supplementary Table 1) . Five regions had significantly smaller relative volumes in BTBR as compared to FVB, and five regions had significantly greater volumes. Regions that were significantly different in BTBR as compared to both typical strains include the anterior commissure pars anterior, cerebral peduncle, corpus callosum, fimbria, habenular commissure and the internal capsule.
Olfactory regions
Three of the four olfactory regions had larger relative volumes in BTBR as compared to B6 (Supplementary Table 1 ). All four olfactory regions had larger relative volumes in BTBR as compared to FVB (Supplementary Table 1 ).
Cerebellar regions
The relative volumes of two of the five cerebellar regions significantly differed between BTBR and B6 (Supplementary Table 1 ). The arbor vita of the cerebellum and the cerebellar cortex were both larger in BTBR as compared to B6. Three of the five cerebellar regions had smaller relative volumes in the BTBR as compared to FVB. The arbor vita of the cerebellum differed significantly between BTBR and both strains; however this region was differed in opposing directions, it was larger in the BTBR compared to B6 and smaller in BTBR compared to FVB.
Ventricular regions
The lateral ventricle was the only ventricular region that significantly differed in relative volume between BTBR and B6 (Supplementary Table 1 ). The lateral ventricle had a smaller relative volume in BTBR as compared to B6. The lateral ventricle also had smaller relative volume in BTBR as compared to FVB (Supplementary Table 1 ). The smaller lateral ventricle in BTBR compared to B6 and FVB was caused by the relocation of the crossing corpus callosum white matter fibers to form the Probst bundles ( Supplementary Fig. 1 ), which consist of white matter fibers travelling anterior/posterior through the lateral ventricles decreasing the ventricular space. The fourth ventricle had larger relative volume in BTBR as compared to FVB (Supplementary Table 1 ).
Brainstem regions
Seven of the 15 brainstem regions significantly differed in relative volume between B6 and BTBR (Supplementary Table 1 ). Only one of these areas was significantly smaller in BTBR as compared to B6. Fig. 3 . Relative volume differences by region. Bars represent the average relative volume of each region with error bars representing the 95% confidence interval. The relative volume of cerebral white matter (B) and the ventricles (F) were significantly reduced in BTBR as compared to both typical strains. The relative volume of the olfactory regions (C) and brainstem regions (E) were increased in BTBR as compared to both strains. Relative volume of cerebral gray matter was reduced in BTBR as compared to B6 but not FVB (A) and relative volume of the cerebellum was increased as compared to B6 but not FVB (D). The y-axis is scaled such that it is centered on the mean value of the summary region ±20% of that mean. Significant comparisons are indicated with asterisks, the lines below the asterisks show what is being compared.
Seven brainstem regions significantly differed in relative volume between BTBR and FVB. Five of the seven regions that differed were significantly larger, relatively in BTBR as compared to FVB. Fig. 4 highlights the relative volume difference between the BTBR and both the B6 and FVB strains. Voxels highlighted in either blue (BTBR is smaller) or red (BTBR is larger) were significant at an FDR of b 1%. Please note that unlike the regional measurements that were manually segmented to account for the lack of a crossing corpus callosum in BTBR, this is not possible for the voxel-wise volume measurements, and thus the voxelwise volume changes located where there should be a crossing corpus callosum are somewhat unreliable.
Voxelwise measurements -volume
Behavior correlations with volume
Correlations between volume and sociability Fig. 5A displays the voxelwise correlations in five different coronal slices highlighting other areas of interest, which may or may not be significant when taking into account the entire region. Significant correlations between relative volume of individual brain regions and individual sociability scores (difference between time spent sniffing the mouse and time spent sniffing the object) are listed in supplementary Table 4 , in which significance was defined at an FDR threshold of less than 10%. Negative correlations, wherein higher relative volume correlated with absence of sociability, were found in the 17 individual regions, for example, the anterior commissure, hypothalamus, olfactory bulbs, and the pons. Positive correlations, where higher relative volume was associated with normal sociability, were found in 10 individual regions (Supplementary Table 4 ), for example, the corpus callosum, nucleus accumbens, and the occipital lobe. Correlations between sociability scores and individual brain regions with relevance to social behavior are shown in Figs. 5B, C and D. Fig. 5B shows the correlation between the entire relative volume of the frontal lobe and sociability score. While this correlation across all strains is not significant, there is a strong correlation with BTBR individual sociability scores and the relative volume of the frontal lobe (p = 0.003). Other regions such as the amygdala (Fig. 5C) were not significantly correlated, however areas within the amygdala were positively correlated with sociability (Fig. 5A) . The relative volume of the nucleus accumbens was positively correlated with individual sociability scores across all three strains (Fig. 5C ).
Correlations between volume and repetitive self-grooming
Voxelwise maps of five different coronal slices highlight significant correlations in specific areas throughout the brain (Fig. 6A) . Significant correlations between relative volume of individual regions and self-grooming are listed in supplementary Table 4 , in which significance was defined at an FDR threshold of less than 10%. Negative correlations were found in 15 individual regions across all three strains, indicating that as self-grooming was higher the relative volume of these regions was lower. Regions such as the striatum, globus pallidus, and thalamus known to be associated with repetitive behaviors were significantly correlated with time spent self-grooming (Figs. 6B, C and D). Positive correlations were found in 8 regions, indicating the as self-grooming was higher the relative volume of these Fig. 4 . Fly through of coronal slices in the brain highlighting the voxel-wise significant relative volume differences between BTBR and B6, or between BTBR and FVB. Anything highlighted in red is significantly larger in the BTBR compared to the typical strain and anything highlighted in blue is significantly smaller in the BTBR. All changes highlighted are significant at an FDR value of b1%.
regions was also higher. Example regions with positive correlations with respect to self-grooming were the arbor vita of the cerebellum, the cerebellar cortex, and the hippocampus.
Diffusion measurements Fractional anisotropy differences in white matter regions
When BTBR was compared to B6 in the 14 white matter regions, the Fractional anisotropy (FA) value only differed in one region, the corpus callosum, which was found to have a significantly smaller FA, at an FDR of b 1% (Supplementary Table 3 ). It should be noted again for clarity that the corpus callosum region in our classified atlas includes the external capsule; therefore, in the BTBR brains there is still a region labeled "corpus callosum," which is composed of the remaining external capsule. When BTBR was compared to FVB, 4 regions were found to have significantly different FA values at an FDR of b 1%. FA values in the anterior commissure pars posterior, corpus callosum, fornix and stria medullaris of BTBR were significantly smaller compared to FVB Table 3 ). Only the corpus callosum region differed at an FDR of b1% between the BTBR and both typical strains.
Voxelwise measurements of fractional anisotropy
Similar to the voxelwise volume measurements, the same coronal slices highlighting changes in FA are shown in Fig. 7 . Fig. 7 displays differences in FA between the BTBR and B6 or FVB. Voxels highlighted in blue indicate that BTBR has a smaller FA and voxels highlighted in red indicate that BTBR has a larger FA in those corresponding areas.
Discussion
The BTBR mouse model of autism was compared to two typical inbred strains, B6 and FVB on behavioral assays and magnetic resonance imaging (MRI), which composed of both an anatomical scan to measure volume differences and diffusion tensor imaging (DTI) to assess the white matter. The behavioral assays utilized in these experiments examined two of the autism relevant phenotypes seen consistently in BTBR mice: lack of sociability and repetitive selfgrooming ( 2011; McFarlane et al., 2008; Moy et al., 2007; Pearson et al., 2011; Pobbe et al., 2010 Pobbe et al., , 2011 Roullet et al., 2011; Scattoni et al., 2008b Scattoni et al., , 2011 Silverman et al., 2010a Silverman et al., , 2010c Silverman et al., , 2012 Wöhr et al., 2011; Yang et al., 2007a Yang et al., , 2007b Yang et al., , 2011b Yang et al., , 2012 . B6 and FVB displayed typical mouse sociability as measured by two variables in the social approach task, as expected. Both B6 and FVB spent more time in a chamber with a novel mouse as compared to the chamber with the novel object and spent more time sniffing the novel mouse as compared to the novel object. As expected, BTBR mice failed to spend more time in the chamber with the novel mouse or spend more time sniffing the novel mouse as compared to the novel object, indicating a lack of sociability. BTBR also spent significantly more time self-grooming in an empty cage compared to B6 or FVB. These behavioral results were consistent with previously published reports (Amodeo et al., 2012; Bolivar et al., 2007; Chadman, 2011; Defensor et al., 2011; McFarlane et al., 2008; Moy et al., 2007; Pearson et al., 2011; Pobbe et al., 2010; Silverman et al., 2011 Silverman et al., , 2012 Yang et al., 2007a Yang et al., , 2011b Yang et al., , 2012 . Results from the present behavioral assays confirmed that our subject mice used for the neuroanatomical studies were displaying the expected phenotypes.
Volumetric MRI revealed robust differences in the brains of BTBR mice as compared to each of the typical strains. Significant differences in relative volume in BTBR were highlighted in almost all of the 6 summary regions when relative volumes were compared to both B6 and FVB. The only regional comparison that was not significantly different was the comparison between BTBR and FVB in the cerebral gray matter. The most robust difference in the summary regions was the smaller cerebral white matter found in BTBR as compared to both B6 (− 13%) and FVB (− 12%). In other regions such as the cerebellum and olfactory bulbs there were also marked differences, though not as consistent or robust as the differences seen in the white matter of BTBR as compared to B6 or FVB. The BTBR cerebellum was larger when compared to B6 (13%) and a smaller when compared FVB (− 2%). The olfactory region in BTBR was larger than both B6 (4%) and FVB (12%). As expected the corpus callosum region was significantly smaller compared to both B6 (− 24%) and FVB (− 25%) (Bolivar et al., 2007; Wahlsten et al., 2003; ). In contrast, the anterior commissure was larger in BTBR compared to both typical strains. Other white matter structures, which were smaller in BTBR compared to the typical strains, included some of the largest white matter tracts in the mouse brain, i.e. the cerebral peduncle, fimbria, and internal capsule were decreased in size from 4% to 13%. These various white matter differences in BTBR are not only similar to previous mouse models of autism, such as the neuroligin3 R451C knockin and the intergrinβ3 knockout models, but white matter differences have been a consistent finding in clinical studies of individuals with autism (Travers et al., 2012) .
Although comparisons of the relative volume of cerebral gray matter as a summary region only significantly differed between BTBR and B6, there were significant differences between BTBR and both typical strains in individual grey matter regions/structures. For example, three out of the four cortical areas revealed significant reductions in BTBR as compared to the typical strains, indicating perhaps a Fig. 7 . Fly through of coronal slices in the brain highlighting the voxelwise significant FA differences between BTBR and B6, or between BTBR and FVB. Anything highlighted in red is significantly larger in the BTBR compared to the typical strain and anything highlighted in blue is significantly smaller in the BTBR. All changes highlighted are significant at an FDR value of b1%. significant reduction in cortical volume in the BTBR. However, BTBR brains appear to have an additional cortical region ( Supplementary  Fig. 1 ), which, in addition to the Probst bundles, replaces the lack of a corpus callosum. If we assume this tissue is in fact cortical and include this additional cortical gray matter in the BTBR cortex measurements, then the BTBR cortex remains smaller than B6 (− 1.7%), but not smaller than FVB, indicating that this additional cortical gray matter may be making up for the losses in the other cortical regions in BTBR. The significance of reductions of other gray matter structures, such as the nucleus accumbens and the striatum, are discussed in their relationship to behavioral variables.
Total volume differences in the cerebellum revealed an interesting intermediate phenotype for the BTBR. While the cerebellum in BTBR was significantly larger than B6, it was significantly smaller compared to FVB. It has been previously shown that FVB mice have a more complex foliation pattern as compared to B6, although volume differences were not discussed (Sillitoe and Joyner, 2007) . Foliations can be seen in Supplementary Fig. 2 , which displays sagittal slices of the cerebellum highlighting the different foliation pattern between the 3 groups used in this study. Overall the volumetric findings suggest the BTBR brain has significant structural differences from the two typical strains; again confirming that volume differences exist throughout the BTBR brain beyond the previously reported agenesis of the corpus callosum.
Fractional anisotropy (FA) measurements of white matter areas revealed a significantly smaller FA between BTBR and both typical strains only in the corpus callosum, which corresponds to the known agenesis. From the voxelwise images in Fig. 7B , the loss of the corpus callosum, as measured by FA, is strongly highlighted. Also in Figs. 7A and B, in the comparison of BTBR versus B6 or FVB, there is a smaller FA along the length of the external capsule away from the corpus callosum. This FA difference is stronger versus FVB. A loss in FA can be indicative of a number of factors, such as less myelination, permeability changes, or a differing axonal organization, which could be composed of changes in axonal size, density or organization (Beaulieu, 2002) . It is unclear which of these factors is driving the change in FA in the external capsule, but the volume loss in that region (Figs. 4A and B) and the smaller FA is indicative of less, possibly disorganized, white matter fiber tracts. In Fig. 7 there are also a number of areas in which a larger FA was found. Despite the inherent difficulty in interpretation of FA changes in gray matter, one particular area of interest was within the hippocampus in which BTBR was found to have a larger FA than both B6 and FVB (Figs. 7C and D) . This same area was also found to be larger in BTBR compared to both typical strains ( Fig. 4C and D) . The increase in FA seems to be localized to the CA1 region of the hippocampus (Fig. 7D) . The larger size of this area combined with an increased FA may indicate an increase in the number of pyramidal neurons. An important point to note here is that these hypotheses are speculative. Histological examination of these areas would be required to answer these questions but was beyond the scope of this study. There is, however, a clear difference in the hippocampus and formation of the external capsule in BTBR as compared to the typical mice.
BALB/cJ, another inbred strain mouse model of autism with a deficit in sociability, has been examined recently using DTI (Kumar et al., 2012) . The Kumar study examined the social behavior of the BALB/cJ mouse and also performed in vivo DTI. Kumar et al. reported a trend of a reduced FA in the external capsule of the BALB/cJ mice, which is consistent with the reduction of the corpus callosum region we see in BTBR. Although the Kumar paper attributes their FA trend in the external capsule to a loss in myelination, it is entirely possible that this strain difference is caused by the axonal organization or structure.
A number of different genetic mouse models of autism have previously been investigated to determine how the brain is altered by genetic manipulation (Ellegood et al., 2010 Horev et al., 2011) . As compared to these previous mouse models, the BTBR strain has aspects of the differences found in neuroligin3 R451C knockins (NL3 KI) and intergrinβ3 knockouts (ITGβ3 KO) . The total brain volume of the BTBR brain was found to be decreased by 4.5% compared to B6 and 7.9% compared to FVB. The total brain volume in the NL3 KI and ITGβ3 mice was also decreased in comparison to their corresponding wild-type (WT) mouse, 8% and 11% respectively. In these models the corpus callosum was present and connected between the two cortical hemispheres, but it was considerably decreased in size (− 14% in the NL3 KI and −17% in the ITGβ3 KO). Furthermore, many other white matter regions in the NL3 KI and ITGβ3 KO models were significantly decreased in size, consistent with the comparison of BTBR with two social strains. In the NL3 KI mouse the white matter regions were decreased by 10% in comparison to the WT mouse. In the ITGβ3 the white matter regions had substantial decreases in both absolute and relative volume.
An additional component of the study was to evaluate all the mice behaviorally prior to perfusion and MRI scanning which allowed comparisons between the animal's performance on the behavioral tasks and its brain measurements obtained through imaging. Relative volume measurements on voxel by voxel basis as well as the 62 individual regions were compared to both sociability and repetitive behavior across the 3 strains used. There was some initial concern with performing these behavioral correlations across all 3 groups simultaneously, as it was felt that the correlation plots may be dominated by the differences in volume between groups and subjected to a "barbell" effect, in which two distinct groupings were at opposite ends of a correlation plot. This was seen in the comparison between the relative volume of the corpus callosum and sniff time difference ( Supplementary Fig. 3) ; however, other areas of the brain did not suffer from a similar "barbell" effect as seen in Figs. 5B, C and D as well as Figs. 6B, C, and D. Relative volume correlated with sociability in multiple areas throughout the brain (Fig. 5A) . Specific regions are highlighted in Figs. 5B, C, and D, namely the frontal lobe, amygdala, and nucleus accumbens, all which have been linked to the "social brain" (Adolphs, 2009; Insel and Fernald, 2004; Young, 2002) . Despite this implication a significant correlation was not found across all three strains for relative volume of the frontal lobe (FDR = 19%), but the relative volume of the frontal lobe and sniff time difference did correlate when BTBR were considered separately (data not shown). The amygdala (Fig. 5C ) also did not have a significant correlation (FDR = 19%), but there were specific areas within the amygdala where a correlation was found (Fig. 5A) . The nucleus accumbens has been linked to the formation of partner preferences (Young et al., 2001) and was positively correlated with sociability ( Fig. 5D) , indicating that the larger the nucleus accumbens the more social the mice were. The striatum has been linked with repetitive behaviors in humans (Langen et al., 2011a ) and mice (Langen et al., 2011b) . We found a strong correlation between smaller relative volume of the striatum (FDR = 2%, Fig. 6B ) and increased grooming time. In contrast, a larger size of the caudate nucleus has been reported in autism (Sears et al., 1999; Stanfield et al., 2008) . However, in obsessive compulsive disorder (OCD), which is characterized by high repetitive behaviors, the striatum has been reported to be smaller (Robinson et al., 1995) . Similar negative correlations were found in the frontal lobe, globus pallidus (FDR = 3%, Fig. 6C ) and thalamus (FDR = 4%, Fig. 6D ) all of which have been implicated previously in repetitive behaviors (Langen et al., 2011b) . These behavioral correlations highlight the power of our imaging method, in detecting a predicted anatomical correlation for mouse behavior, and for discovering a previously unknown area that may be implicated in the behavior.
In sum, neuroanatomical imaging and DTI have revealed striking differences between BTBR and two typical inbred strains, B6 and FVB. Based on these findings, it appears that white matter volume deficits in the BTBR brain are not specific to the corpus callosum.
Rather, BTBR mice have strong white matter deficits throughout the brain based on both volume and DTI measures. Further studies will be necessary to understand the mechanisms underlying these neuroanatomical differences, and developmental time course at which they manifest, in mouse models of autism.
Supplementary data related to this article can be found on line at http://dx.doi.org/10.1016/j.neuroimage.2012.12.029.
